The period gene is a key regulator of biological rhythmicity in Drosophila melanogaster. The central part of the gene encodes a dipeptide Thr-Gly repeat that has been implicated in the evolution of both circadian and ultradian rhythms. We have previously observed that length variation in the repeat follows a latitudinal cline in Europe and North Africa, so we have sought to extend this observation to the southern hemisphere. We observe a parallel cline in Australia for one of the two major length variants and find higher levels of some Thr-Gly length variants, particularly at the tropical latitudes, that are extremely rare in Europe. In addition we examined .40 haplotypes from sub-Saharan Africa and find a very different and far more variable profile of Thr-Gly sequences. Statistical analysis of the periodicity and codon content of the repeat from all three continents reveals a possible mechanism that may explain how the repeat initially arose in the ancestors of the D. melanogaster subgroup of species. Our results further reinforce the view that thermal selection may have contributed to shaping the continental patterns of ThrGly variability.
T HE period (per) gene in Drosophila controls a number of biological rhythms, the most prominent and best studied being the circadian cycle of behavior (Hall 2003) . The PERIOD protein is an autoregulator of its own gene as well as of timeless, and the PER and TIM proteins form the negative limb of the feedback loop that is central to the generation of circadian rhythmicity (Hall 2003) . Within PER lies a repetitive region that is composed of alternating dipeptide pairs of threonine and glycine residues . The Thr-Gly repeat has provided a useful model system for studying the mutational properties of the coding minisatellite that underlies this region, and as observed with repetitive regions in general, the repeat is highly polymorphic, both in sequence and length, within Drosophila melanogaster (Costa et al. 1991) . The length mutation rate of the repeat within D. melanogaster has been estimated experimentally and as expected it is several orders of magnitude higher than the nucleotide substitution rate (Rosato et al. 1996 . Not surprisingly, there is enormous interspecific length variation in this sequence between different dipteran species, but only within the drosophilid lineage has a dramatic expansion occurred, with D. pseudoobscura showing a modified pentapeptide repeat motif that has .30 copies compared to D. virilis, which has only a few pairs of the dipeptide (Peixoto et al. , 1993 Nielsen et al. 1994) . D. melanogaster is intermediate and encodes between 14 and 24 pairs of uninterrupted Thr-Gly dipeptides (Sawyer et al. 1997) .
Functional studies of the Thr-Gly region have revealed that the repeat and its surrounding $700 bp encode species-specific patterns of rhythmic behavior between D. melanogaster and its sibling species D. simulans in some elements of circadian locomotor activity patterns and, more dramatically, in the courtship song cycle of the male (Wheeler et al. 1991; Rogers et al. 2004) . Furthermore, repeat length variation in natural populations within Europe follows a latitudinal cline, so that high frequencies of the (ThrGly) 20 and (Thr-Gly) 17 alleles are found in northern and southern regions, respectively . Together these two length alleles make up $90% of the natural variation found on this continent, with variants carrying 14 (1%) and 23 (8%) Thr-Gly pairs and very rare variants with 18, 21, and 24 pairs (together accounting for 1%) making up the rest. Linkage disequilibrium pattern analysis of this region has suggested that balancing selection may be operating and this would seem to fit in nicely with the observed clinal distribution .
In support of this idea, the temperature compensation of the clock, i.e., how well the $24-hr period is buffered against temperature changes, differs among the Thr-Gly variants (Sawyer et al. 1997) . (Thr-Gly) 17 variants on average show a 24-hr cycle at higher temperatures, but the period becomes shorter as the temperature is reduced. The (Thr-Gly) 20 variants, on the other hand, show a period that is not sensitive to temperature change and is on average slightly shorter than 24 hr (Sawyer et al. 1997) . Thus the two main variants appear to be adapted to the thermal environments in which they predominate, (Thr-Gly) 17 in southern and (ThrGly) 20 in northern Europe. Furthermore, per transgenes generated with different Thr-Gly encoding lengths also show similar thermal phenotypes to their natural counterparts, indicating that these effects are Thr-Gly length specific and are not caused by genetic background (Sawyer et al. 1997) . Finally the 14-17-20-23 Thr-Gly series shows a linear pattern of temperature compensation, whereas the rare variants that are out of phase with this (Thr-Gly) 3 interval (i.e., those variants with 15, 18, 21, or 24 Thr-Gly) do not lie on this temperature compensation gradient and generally show poorer compensation (Sawyer et al. 1997) . As the conformational monomer from NMR studies is (ThrGly) 3 , which forms a b-turn, this may explain why the (Thr-Gly) 3 interval seems to play such a prominent role in the population and behavioral biology of the per variants (Castiglione-Morelli et al. 1995) .
The case for balancing selection maintaining the ThrGly polymorphism in Europe therefore encompasses many different levels, from the behavioral to the conformational (Costa and Kyriacou 1998) . One further classic way of differentiating between natural selection and drift in the generation of a latitudinal cline is to study the polymorphism in a different continent (Oakeshott et al. 1981) . D. melanogaster was probably introduced into Australia $100 years ago (Bock and Parsons 1981) . Nevertheless, D. melanogaster shows a number of latitudinal clines in morphological characteristics such as body size ( James et al. 1997) or in frequencies of various metabolic genes (Oakeshott et al. 1981 (Oakeshott et al. , 1984 on this continent, suggesting that selection, in the face of considerable drift and migration, has already made its mark. While we might expect selection to be stronger on such morphological and biochemical phenotypes compared to more ephemeral behavioral characters, we have nevertheless examined the Thr-Gly length polymorphism on this continent. A positive result would further support and extend the adaptive scenario we have previously described for the European variants.
In addition we have sampled the Thr-Gly region in sub-Saharan African populations, from which D. melanogaster is believed to have evolved (David and Capy 1988) , and these results also offer further insights into possible selective pressures that have molded the variability of this repetitive motif. Furthermore, the extensive Thr-Gly sequence variation we encounter in Africa, together with our European and Australian alleles, also allows us to investigate the possible mutational mechanisms that generate these functionally important polymorphisms.
MATERIALS AND METHODS
Australian populations: Samples from 20 natural populations of D. melanogaster were collected at sites on a 2600-km transect along the eastern coast of Australia during February 1993 and kindly donated by Avis James and Linda Partridge. The isofemale lines from each collection were sampled from 13 latitudes spanning 2600 km. Seven of these latitudes had two independent collections made at different sites (Table 1 ) (see James et al. 1995 for map of collection sites). The nearest weather stations were noted and used for both latitude and longitudinal coordinates of the fly populations and the relevant recorded temperature data were referenced (Gentilli 1971) . The computations for spatial autocorrelation were carried out using the SAAP program developed by David Wartenberg (Version 4.3, October 1989) and the correlations by Statistica (Statsoft).
African populations: The D. melanogaster populations used in this study were collected in four different geographical locations within Kenya (Kericho, Matuga, Nairobi, and Nguruman) during October and November 1995 by Stefan Escher and Kerstin Eriksson (European Drosophila Stock Centre, Umea, Sweden) and subdivided into 25 isofemale lines immediately after sampling. We obtained these lines in 1996 and four single males from each isofemale line were crossed to D. melanogaster females carrying an attached-X chromosome. Male progeny from these crosses were frozen and their Thr-Gly regions studied (see below).
European populations: Flies were also collected from various European localities between 1989 and 1996 and isofemale lines set up immediately after collection. We thank Peter Corish for the flies from North Wooton (Somerset, UK).
Genotyping: For the Australian populations, gene frequencies were required for the sex-linked per Thr-Gly repeat, so two males from each available isofemale line were selected at random and frozen immediately after receiving the flies in 1994-1995. DNA preparation, PCR, and gel electrophoresis were carried out as described in Costa et al. (1992) . Two males were used to sample each isofemale line rather than a single female, because this facilitates Thr-Gly length identification on agarose gels. Markers composed of other known Thr-Gly length variants were used and any band that was not exactly in line with the markers was sequenced directly. The length variants defined were further characterized in a second reaction by coamplification of each DNA, with a previously sequenced DNA from an isolength Thr-Gly allele. Coamplification was made using a 1:1 ratio of the two DNAs. If coamplification produced a heteroduplex this indicated a difference in the DNA sequence of the variant vs. the isolength standard. For amplification, the following primers were used: 59 primer, 59-ATACACATGAGCAGTTGTGAC-39 (5066-5085 in the per sequence published by Citri et al. 1987); 39 primer, 59-TTCTCCATCTCGTCGTCGTTGTG-39 (5336-5355) . For the African populations, DNA was prepared from a number of males from each attached-X line, and PCR was used with the 59 primer, 59- , and 39 primer, 59-CCGCGCGACTCCCGGTGCTTCTTC-39 (5364-5387). All PCR fragments were sequenced directly, as for these populations we were interested in the sequences themselves rather than their frequencies.
For the Thr-Gly sequences described, the codon usage data were calculated using the CountCodon Program in the Codon Usage Database (http:/ /www.kazusa.or.jp/codon/) and converted to the relative synonymous codon usage (RSCU) values . These sequences were also analyzed for periodicity using the autocorrelation procedure in the STA-TISTICA 5.0 package (Statsoft).
RESULTS
Australian populations: Table 1 shows the frequencies of the different Thr-Gly length variants in 20 populations. The most frequent alleles are represented in order by the (Thr-Gly) 17 , (Thr-Gly) 20 , and (Thr-Gly) 23 variants, making up $47, 36, and 9% of the Australian population, respectively. In addition at least one of the other rarer alleles-(Thr-Gly) 14 (2%), (Thr-Gly) 18 (3%), (Thr-Gly) 21 (2%), (Thr-Gly) 22 (0.7%), and (Thr-Gly) 24 (1%)-was also present in most of the populations. If we consider the two Tasmanian samples, we also observe the greatest intersite variation in both (Thr-Gly) 17 and (Thr-Gly) 20 frequencies compared to the other samples collected at the same latitude. Island populations are particularly prone to the effects of drift, so this variance in allele frequencies is perhaps not unexpected. Table 2 shows the correlations with latitude for each of the Thr-Gly variant frequencies and reveals that only for (Thr-Gly) 20 and (Thr-Gly) 23 are they significant. The positive correlation for the (Thr-Gly) 20 allele frequency mirrors that found in Europe, so the higher the latitude, the higher the frequency for this variant ( Figure  1 ). The (Thr-Gly) 21 frequencies were also significantly correlated with latitude, but as the majority of localities had zero frequencies for this length allele (Table 1) this result is largely meaningless. The (Thr-Gly) 17 allele does not show any significant correlations; however, when we averaged the frequencies from the lines collected from the same latitude and removed the two island populations from Tasmania we obtained a correlation of À0.195, which is not significant but is the largest correlation we observed for this allele (Table 2) . A much larger, significant negative correlation is observed between gene frequency and latitude for this allele in Europe.
To further dissect these initial correlations, the frequencies of the (Thr-Gly) 17 and the (Thr-Gly) 20 allele were compared with the cumulative frequencies of all other alleles across localities using a G-test (Sokal and Rohlf 1995) . The (Thr-Gly) 23 could not be included in this analysis as a separate allele but was pooled with the rest of the rarer variants as it was not present in all localities. The populations that had been collected at the same latitudes were pooled but the Tasmanian populations excluded because only one fly in the two Tasmanian populations represented an allele other than the two common classes (see Table 1 ). This pooling and exclusion yielded 33 overall frequency classes that were then compared. The G-test was highly significant (G ¼ 46.18, d.f. 10, P , 0.001), showing that the observed gene frequencies do not represent random samples drawn from a unique, panmictic, or genetically uniform population.
Allele frequency patterns were summarized using a spatial autocorrelation statistic, Moran's I (Sokal and Oden 1978) , which represents the degree of similarity between populations as a function of their distance apart. The data were subdivided into six equally informative distance classes, each one containing from 30 to 34 comparisons; class limits are shown in Table 3 . Moran's I was then calculated for the (Thr-Gly) 17 , (ThrGly) 20 , and (Thr-Gly) 23 length alleles for each distance class. A cline is present when Moran's I values decrease continuously from significantly positive to significantly negative with an increase in distance between populations (Sokal 1979) . A steady decline of Moran's I values was observed for the (Thr-Gly) 20 allele from highly significantly positive within $350 km to significantly negative at large distances (Table 3 ). Moran's I for the (Thr-Gly) 17 was insignificant for all distance classes (Table 3 ). The (Thr-Gly) 23 variant was observed to have a significantly negative Moran's I for the largest distance class although there was no complementary significant positive value. Additional significance testing of the overall trend for each spatial correlogram was carried out using the highly conservative Bonferroni procedure (Oden 1984) . This test, however, was not significant for (Thr-Gly) 20 (P ¼ 0.093) or for either the (Thr-Gly) 17 or the (Thr-Gly) 23 allele ( Table 3) .
The Royaltey-Astrachan-Sokal nonparametric test of departure from random geographic variation (Royaltey et al. 1975 ) was also applied. The 20 localities were connected by means of a Delaunay graph (Brassel and Reif 1979) , which is a triangulation network connecting all neighboring localities together. The frequencies of the different Thr-Gly alleles were ranked among localities. The rank differences between the frequencies of pairs of adjacent localities, called edge lengths, were calculated, as was the expected edge length with a correction for continuity. The deviations from the observed mean edge length from the expected mean were then examined with a t-test. A Student's t of 0.93, with infinite degrees of freedom, was observed for the (Thr-Gly) 17 allele frequencies, which agreed with the null hypothesis of random variation of this allele. The (Thr-Gly) 20 allele frequencies, when calculated in the same way, gave a t ¼ À2.55, which is significant beyond the 0.02 level with infinite degrees of freedom. The negative t-value shows that departure from randomness results from an underlying clinal pattern of allele frequencies (Royaltey et al. 1975) . The frequencies of the (Thr-Gly) 23 length allele were also treated in the same way and gave a Student's t of À2.18, which is significant beyond the 0.05 level, again with infinite degrees of freedom. (14) 0.007 (4) 0.087 (52) 0.012 (7) N is the number of Thr-Gly alleles determined from two males per isofemale line (odd numbers mean that the odd PCR did not work). Population codes were assigned as follows is BS, K is KL, LHF is LH, CD is CI, C is CS, M is ME, H is HS, F is FT, and R is RN. For those populations sampled at the same latitude but at different sites, an approximate single longitude value is given for both sites.
We next examined the relationship between the expected heterozygosity (based on length allele frequencies) and number of Thr-Gly alleles with latitude. In both cases significant negative correlations were observed (heterozygosity, r ¼ À0.60, P ¼ 0.0026; number of alleles, r ¼ À0.66, P ¼ 0.0008). A significant correlation was also observed between (Thr-Gly) 20 frequency and yearly mean wet bulb temperature taken at 3 pm from the nearest field station (Gentilli 1971) (Table 2 ). While this result should be treated with caution because of multiple testing, the fact that statistical significance with temperature was associated specifically with (ThrGly) 20 would seem to be more than just coincidence.
African populations: A large number of new length alleles were discovered. Surprisingly, one of the two major length variants in Europe and Australia, (ThrGly) 17 , was not found among the 41 sequences. The shortest length variant observed was the (Thr-Gly) 18 , with the rest ranging from (Thr-Gly) 20 to (Thr-Gly) 24 . Of particular note is the observation of large numbers of variants that are found very rarely or not at all in Europe, including (Thr-Gly) 21 , (Thr-Gly) 22 , and (Thr-Gly) 24 . Table  4 shows all the Thr-Gly length variants from Europe, Australia, and Africa, using a single letter code that describes each Thr-Gly encoding cassette. From these we generated a Thr-Gly network that is illustrated in Figure 2 and that describes the derivation of each length allele from its closest sequence neighbor (Costa et al. 1991; Peixoto et al. 1992; Rosato et al. 1996) . All of the variants can be easily derived from each other by single deletions/duplications of Thr-Gly cassettes, plus the odd nucleotide substitution. This provides an unrooted parsimony network with two alleles, (Thr-Gly) 23b and (Thr-Gly) 20a , found on all three continents and one allele, (Thr-Gly) 22a , found in sub-Saharan Africa and Australia but not in Europe/North Africa. These observations would suggest that these three ''cosmopolitan'' alleles are ancestral. About half the European/ North African alleles (6/13) are also found in Australia, but none of these haplotypes other than the cosmopolitan (Thr-Gly) 23b and (Thr-Gly) 20a variants (see above) are present in sub-Saharan Africa.
In addition we examined the $150 bp flanking each type of Thr-Gly repeat from the three continents and these are shown in Figure 3 . There are 10 polymorphic sites (4 replacement, 6 silent), plus one small deletion surrounding these sequences, that give rise to 20 different haplotypes (A to T), of which 5 (G, H, I, R, and T) are found outside Africa. We observe that the (Thr-Gly) 22 allelic series is flanked by the highest number of haplotypes, 9, followed by the (Thr-Gly) 23 , which has 8. However, the (Thr-Gly) 23b , (Thr-Gly) 22a , and (Thr-Gly) 20a repeats represent the specific alleles that are each associated with the highest number of flanking haplotypes, namely 4. Formal phylogenetic analyses of these haplotypes were not informative, given the paucity of informative sites, but we did generate a network for the flanking haplotypes in which we connected all those that differ by a single mutational event (Figure 4) . It is clear to see that most haplotypes are African in origin and can be connected to either the African haplotype A or F via a single mutation. In turn, A and F are also connected together by a single event. There are some private European haplotypes, G, H, I, and one exclusive Australian, T.
Mutational mechanisms: The RSCU values for ACN Thr and GGN Gly codons within eight per Thr-Gly repeat length categories (14, 17, 18, 20, 21, 22, 23, 24) were compared with those of the fulllength per cDNA sequence of Oregon-R per (Citri et al. 1987) , both with and without the corresponding Oregon (Thr-Gly) 20 fragment ( Table 5 ). The ACN Thr and GGN Gly RSCU indices showed elevations of about twofold for ACT and ACA, and GGT, respectively, compared with Oregon-R, although the favored codons within the repeat are ACA for Thr and GGA for Gly. We also compared the codon distributions between two 59 and 39 subregions of equal length spanning 16 codons in each sequence-except for (Thr-Gly) 14 -that was subdivided into two equal portions of 14 codons (Table 6 ). Along each repeat analyzed, we noted a characteristic distribution of the codon species, with significant higher frequencies of ACT Thr and GGT Gly codons in the 59 subregion (ANOVA F 1,84 ¼ 208, P > 0.001 for ACT Thr; F 1,84 ¼ 453, P > 0.001 for GGT Gly) and significant higher frequencies of ACA Thr and GGC Gly codons in the 39 subregion (F 1,84 ¼ 291, P > 0.001 for ACA Thr; F 1,84 ¼ 611, P > 0.001 for GGC Gly). Furthermore, alignment of the repeat shows that the first 24 bp in the 59 region encodes four Thr-Gly cassettes that are the most highly conserved, being identical with the exception of two cases, (Thr-Gly) 20b , which shows a T / A transversion at the 18th nucleotide, and (Thr-Gly) 24h , which carried an A / T transversion at the 21st nucleotide. In contrast, the 24-bp 39 subregion reveals one or more modifications for every Thr-Gly encoding cassette.
To evaluate the duplication process we examined each Thr-Gly sequence for periodicity, using a modification of a binary code method (Nielsen et al. 1994) . For each codon, we gave the value of 0 to the invariant nucleotides in the first and second positions and considered the nucleotide in third position and scored the presence of adenine (the most frequent nucleotide in this position) as 1 and its absence as 0. Each repeat sequence was subdivided into three portions: a 59 and 39 subregion of 16 codons each, except for Thr-Gly 14 , which was subdivided into two subregions of 14 codons each and a variable length central region (from 2 to 16 codons). We then performed an autocorrelation, searching for periodicity in any sequence $36 bp long. Figure 5 shows the graphical representations of the autocorrelation coefficients for one short allelic series, (Thr-Gly) 20 , and one long one, (Thr-Gly) 23 . For the majority of the shorter repeats (Thr-Gly , 21 pairs), the hexanucleotide subunit gave the largest significant correlation coefficient in the 59 and also usually in the 39 subregion. The only exception was the (Thr-Gly) 14 , in which the 39 regions showed a strongly significant periodicity corresponding to the dodecanucleotide subunit. In the longer alleles (Thr-Gly . 20), the same 59 periodicity was observed, but the most significant 39 periodicity was always the 12-bp subunit, whereas the central region was more heterogeneous in its repeatability.
DISCUSSION
Latitudinal clines are not observed on all continents at allozyme loci thought to be under climatic selection (Bubliy et al. 1999) . In Australia, however, we have observed a spatial pattern of distribution for the frequency of the (Thr-Gly) 20 allele that is reminiscent of the similar cline observed in Europe with this variant . This observation provides additional support for the hypothesis that these clines in Thr-Gly repeat length may have been shaped by selection. The decline of spatial autocorrelation with distance for the (Thr-Gly) 20 allele and the result of the Royaltey-Astrachan-Sokal test agree in suggesting that this variant is geographically structured along an approximately north-south axis of Australia. Also, the correlations and spatial structure for the (Thr-Gly) 23 allele suggest a higher prevalence in the north compared to the south of Australia. Although the (Thr-Gly) 17 allele did not show any evidence for a cline, an inverse relationship between allele frequency and latitude was observed when steps were taken to reduce the variance of the data by pooling samples from the same latitude and removing the Tasmanian populations, which seemed particularly prone to drift. Such an inverse but statistically significant relationship is observed in Europe, so perhaps the data for this allele are not so dissimilar between the two continents . Weeks et al. (2006) have recently published findings suggesting that neither the (Thr-Gly) 20 nor (Thr-Gly) 17 per alleles show the expected relationship with latitude in samples from eastern Australia collected between 2000 and 2004. While there is some uncertainty associated with the data presented by these authors, it is interesting that a reanalysis of their data reveals a weak positive correlation between latitude and (Thr-Gly) 20 frequency and the inverse relationship for the (Thr-Gly) 17 , as expected from the European studies (C. P. Kyriacou, A. A. Peixoto and R. Costa, unpublished data) . Thus the conclusion that the Thr-Gly repeat cline is less robust than in Europe (see below) and that its strength may be modulated by interyearly environmental factors seems to be merited.
In this regard, Figure 1 compares the spatial distributions of the (Thr-Gly) 20 allele from our studies on the two continents. We can see clearly that the European (ThrGly) 20 cline is much steeper than that of Australia. A similar Old/New World relationship has been observed in the clines of wing size in male (but not female) D. subobscura, where again the cline is less steep in the Americas. As with D. melanogaster in Australia, D. subobscura is a species that was recently introduced to North and South America, in this case almost 30 years ago (Gilchrist et al. 2001 (Gilchrist et al. , 2004 Huey et al. 2000) . Australia's recent colonization by D. melanogaster means that perhaps only 90-100 years have elapsed since the introduction of this species (Bock and Parsons 1981) . If weak selection is acting on the Thr-Gly repeat, as 
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Each letter represents a Thr-Gly encoding hexameric cassette. If any of the cassettes have a synonymous substitution they are given a subscript indicating their possible common mode of decent. a, ACGGGC; b, ACTGGT; c, ACAGGT; c 1 , ACAGGA; c 2 , ACTGGT; d, ACTGGA; d 1 , ACTGGC; d 2 , ACAGGC; d 3 , ACTGGT; d 4 , ACTGGG; e, ACCGGG; e 1 , ACAGGG; f, ACAGGA; g, ACGGGA; h, ACAGGC; h 1 , ACAGGT; h 2 , ACGGGC; h 3 , ACAGGG.
suggested by a study of linkage disequilibrium patterns around this repetitive region , then longer periods of time would be required for the stabilization of any spatial pattern. The Australian colonization is considered to have occurred from Africa, Asia, and Europe (David and Capy 1988) , and along the eastern coast the colonization and subsequent migration by humans and their fly commensals contributed to a constant admixture of the founder Thr-Gly variants. It might therefore appear surprising that any cline in Thr-Gly length at all was discovered on this continent, given the relatively short chronological period available for the allelic spatial patterns to establish themselves. However, given the effective population size of D. melanogaster of $10 6 (Aquadro 1992) , even a relatively weak selection coefficient could be effective and generate these geographical patterns.
As in northern Europe, we see a higher frequency of (Thr-Gly) 20 alleles in the more thermally variable southern regions of Australia, with a hint of the opposite relationship for the (Thr-Gly) 17 . Furthermore, variants that are out of phase with (Thr-Gly) 3 intervals observed for the most common alleles in Europe, the 14-17-20-23 series, are observed at much higher frequencies in Australia: 7.3% compared to ,1% in Europe (Table 1) . The circadian temperature compensation of these European out-of-phase variants does not follow the linear trend seen for the in-phase variants and they are generally poorer in maintaining 24-hr cycles at varying temperatures (Sawyer et al. 1997) . Taken as a whole, the rarer out-of-phase alleles are observed more frequently in the northern tropical Australian latitudes (Table 1 ). In fact, there are significant negative correlations between Thr-Gly expected heterozygosity and latitude and between number of alleles and latitude. These observations suggest that the polymorphism might tend toward neutrality in the lower tropical latitudes. This might be because selection related to circadian temperature compensation may not be as important in the tropics given the warmer, more constant thermal environments, and therefore more Thr-Gly alleles could be tolerated. Thus even the data from these rare Australian variants provide some further support for Thr-Gly variation playing a role in thermal adaptation Ewer et al. 1992; Peixoto et al. 1993 Peixoto et al. , 1998 Sawyer et al. 1997) . To this can also be added the Note that the BX1, ME3, and PI1 sequences shown here are 3 bp longer, both in the 59 and the 39 regions flanking the main repeat, than in Costa et al. (1991) ; however, the sequences for the entire flanking regions were not available. Unless otherwise stated, the sequences described by Rosato et al. (1996) Thr-Gly Evolution in Fly periodsignificant correlation between mean annual temperature with the frequency of the (Thr-Gly) 20 allele across Australia (Table 2 ). In addition, recent geographical analyses of Thr-Gly length variation from flies in Evolution Canyon in Israel reveal not only that, as expected, the (Thr-Gly) 17 is the most frequent allele in southern Europe/Middle East but also that the (ThrGly) 20 variant is nearly three times as frequent on the colder north-facing slope compared to the south, whereas the opposite is found for the (Thr-Gly) 17 variant (Zamorzaeva et al. 2005) . These results further cement the emerging relationship between Thr-Gly length variation and temperature. One important question that needs to be resolved is whether the cline in Thr-Gly variation, even though it is seen in two continents for at least one of the major alleles, is actually driven by selection at another nearby locus. This is a thorny issue that has received some attention, particularly with studies of polymorphic sites around the Adh locus (Berry and Kreitman 1993) . If linkage disequilibrium is strong and spans many tens of kilobases, then it is conceivable that clines could be generated in many genes simply by their spatial relationships to the site under selection (Duvernell et al. 2003) . With the Thr-Gly region this potential problem is less pervasive because of the relatively rapid length mutation rate that has been observed in the Thr-Gly array and that is at least three orders of magnitude greater than the point mutation rate . Consequently, linkage disequilibrium, although present, would be expected to break down much more 1.41 6 0.00 0.15 6 0.13 1.96 6 0.13 0.47 6 0.00 0.94 6 0.00 1.25 6 0.14 1.56 6 0.13 0.23 6 0.00 TG 18 (4) 1.43 6 0.11 0.28 6 0.11 1.83 6 0.22 0.44 6 0.00 0.94 6 0.12 1.05 6 0.28 1.66 6 0.22 0.33 6 0.13 TG 20 (5) 1.44 6 0.09 0.28 6 0.11 1.80 6 0.00 0.48 6 0.11 0.84 6 0.22 1.12 6 0.23 1.68 6 0.18 0.36 6 0.09 TG 21 (3) 1.27 6 0.11 0.26 6 0.11 1.96 6 0.11 0.51 6 0.11 0.76 6 0.00 1.46 6 0.29 1.46 6 0.22 0.32 6 0.11 TG 22 (10) 1.40 6 0.12 0.22 6 0.08 1.85 6 0.11 0.53 6 0.10 0.89 6 0.25 1.27 6 0.24 1.56 6 0.15 0.27 6 0.13 TG 23 (7)
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rapidly with respect to Thr-Gly length alleles . In fact this is exactly what we see in that repeatedly the same Thr-Gly allele is found on a variety of different flanking haplotypes. The African alleles have been extremely informative, and we observe that two Thr-Gly repeats, the (Thr-Gly) 23b and the (Thr-Gly) 20a , are found on all continents, with (Thr-Gly) 22a present in Africa and Australia. It is these three repeats that also have the highest number of flanking haplotypes, suggesting that they might represent the oldest alleles. The (Thr-Gly) 23b is particularly important because it connects the vast majority of the African repeats to the European network as seen in Figure 2 . Indeed, within Europe, each European and North African repeat can be derived from the (ThrGly) 23b by simple deletions and duplications (Costa et al. 1991) . As the (Thr-Gly) 23b and (Thr-Gly) 22a differ by only a single deletion/insertion event, we can see how these two variants could be considered to be the ancestral alleles from which all the others are derived. However, one puzzle is that the (Thr-Gly) 20a is derived from the (Thr-Gly) 23b most parsimoniously via a single deletion involving five Thr-Gly pairs from the (ThrGly) 23b and a base change to create the (Thr-Gly) 18a , then by deletion of a single Thr-Gly encoding hexamer to generate the (Thr-Gly) 17a , followed by a duplication of the efd cassettes to create the (Thr-Gly) 20a (see Costa et al. 1991 and Table 4) . Thus if (Thr-Gly) 20a is an older allele, why are not the likely older intermediates by which it arose, (Thr-Gly) 18a and (Thr-Gly) 17a , also found in Africa, particularly given that the (Thr-Gly) 17 series is found at an average frequency of 45% in Europe and North Africa? One could be tempted to speculate that the (Thr-Gly) 17 length alleles represent a relatively new series of mutations that arose after the last ice age, when flies colonized Europe. This view would be supported by the observation that (Thr-Gly) 17a has two flanking haplotypes, F and T, compared to (Thr-Gly) 20a , which has 23 allelic series. In the 59 regions both allelic series show a predominant periodicity corresponding to 6 bp. In the 39 region of the repeat, the periodicity also peaks at 6 bp for the (Thr-Gly) 20 series (P , 0.05), whereas for the (Thr-Gly) 23 the periodicity 39 is 12 bp (all P , 0.05). This difference in pattern is generally observed between the shorter alleles [Thr-Gly , 21, except for (Thr-Gly) 14 , see discussion] and longer alleles (Thr-Gly . 20). In the central regions of the longer alleles, the autocorrelogram reveals a more heterogeneous set of periodicities. A supplemental file showing these correlograms for all allelic series can be downloaded from http:/ /www.genetics.org/supplemental/. (Lowe and Eddy 1997) . Given the stochastic nature of duplications/deletions in the repetitive region, it might be argued that no such coherent overall pattern of optimal codon use would be expected. If duplication did indeed initiate from ancestral 39 cassettes that happened to be dh-like (ACTGGA, ACAGGC), then the derived codons would be similar, thereby explaining the Thr codon preferences in the repeat. This scenario would also explain why GGA and GGC are the most frequent codons in the 39 and central region of the repeat. The fact that these and the Thr codons are consistent with the major tRNA isoacceptors would be accidental. In support of this view, the ACN and GGN RSCU values were not high enough to resemble those of typical highly expressed genes in D. melanogaster ) so it is difficult to argue that any kind of selection might be acting on codon identity. Thus the Thr-Gly codon profile may reflect the ancestral expansion of the repeat 39 to 59.
In conclusion, finding that the frequency of a major Thr-Gly variant shows a latitudinal cline in Australia that is parallel to that found in Europe provides further evidence that natural selection is operating to maintain this polymorphism. Although allele frequency gradients on such large geographical scales can be generated by other processes, such as range expansion, a classical explanation for a latitudinal cline is an adaptive response to climatic variation. Climate-related selection is thought to be responsible for latitudinal clines at other loci in D. melanogaster (Oakeshott et al. 1981 (Oakeshott et al. , 1984 Berry and Kreitman 1993) as well as in phenotypic traits such as thorax length and wing area ( James et al. 1995 ( James et al. , 1997 . The correlation observed with the frequency of (Thr-Gly) 20 alleles in Australia and temperature suggests that this cline is also temperature related and that selection, in addition to historical factors in Thr-Gly allele evolution (Rosato et al. 1996) , has produced these continental patterns of polymorphism. C.P.K. and R.C. acknowledge grants from EC-Biotechnology programme ERB-B104-CT960096 and the 6th Framework Project EUCLOCK (No. 018741) and from the British Council-Ministero dell'Università e della Ricerca Scientifica e Tecnologica. C.P.K. also acknowledges a grant from the National Environmental Research Council and a Royal Society Wolfson Research Merit Fellowship. R.C. also acknowledges grants from the Agenzia Spaziale Italiana and Ministero dell'Università e della Ricerca. A.A.P. was funded by a Brazilian Conselho Nacional de Desenvolvimento Cientifico e Tecnològico fellowship and the Howard Hughes Medical Institute and CP by an Erasmus studentship LITERATURE CITED
